The interaction between bioactive glass and body fluid is crucial for the special properties of this material, therefore a large number of experimental data is available in literature. However, a frame for systematic interpretation of these results in terms of understanding the mechanisms at the interface between glass and body medium and the relation between glass composition and dissolution behavior is still missing. For two multicomponent bioactive glasses, 45S5 and 13-93, the Gibbs energies of the glassy material on one side and their aqueous system on the other side were calculated individually. The difference between solid material and aqueous system further constitutes the pH dependent Gibbs energy of hydration, ∆G hydr . The impact of glass compositions and glassy or crystalline state on ∆G hydr is demonstrated referring to chemical durability. Along considerations regarding the aqueous system, the thermodynamic calculations proof the precipitation of hydroxyapatite in water and simulated body fluid for a system containing P 2 O 5 and Ca 2+ . In the course of deriving the Gibbs energies for bioactive glass compositions via constitutional compounds, bioactive behavior is discussed from the point of coexisting equilibrium phases in the system of Na 2 O-CaO-SiO 2 .
Introduction
The dissolution behavior of bioactive glasses is one of the key factors for the formation of bone-like material, thus enabling the outstanding properties of these materials for medical applications. Regarding dissolution of a solid material in aqueous solution as chemical equilibrium, it may be quantified by the Gibbs energy of hydration, ∆G hydr .
A thermodynamic approach to the chemical durability of glass as initiated by Paul [1] and refined later for multicomponent glasses [2] , offers a framework to interpret the multitute of experimental facts, especially to quantify the role between glass composition and dissolution behavior.
Before, in similar works [3, 4] , successful predictions were made for glasses mainly from the system CaO-MgOAl 2 O 3 -SiO 2 aiming at mineral fiber glass compositions where corrosion is generally not intended. The challenge in treating bioactive glasses by this approach consists in implementing the role of P 2 O 5 and K 2 O and adjusting the condition of the solution to that of SBF. Calculations were carried out for bioactive glasses 45S5 [5] and 13-93 [6] .
Models have been developed to link ∆G hydr with dissolution rates, suggesting applications beyond just a theoretical approach [7] [8] [9] . A connection of thermodynamic considerations with the kinetic behavior offers the possibility for systematic interpretations of corrosion experiments. Also in the field of bioactive glasses, a lot of work has been done regarding corrosion experiments. In vitro tests using e.g. simulated body fluid (SBF) have been established and a lot of effort has been made to experimentally asses bioactivity [10] [11] [12] [13] [14] [15] [16] [17] . Using this thermodynamic approach is therefore a first step towards making well-considered declarations in advance for the time until the formation of hydroxyapatite. This would be relevant and applicable for compositional changes as well as estimating the effect of crystallization.
Methods
The Gibbs energy of formation of the aqueous system, G f (aq), of a multi component oxide material is described by the formation reactions of aqueous species of individual oxides (i) and weighted by their proportions present in the glass composition, see Equation 1.
This thermodynamic description of the aqueous system is independent of the fact that the oxides originate from a glass, or are introduced into the system as pure substances. For every oxide, a whole set of possible aqueous species is considered, including also carbonate, sulfate and phosphate species, as the corresponding ion components are present in simulated body fluid, or are sequentially dissolved from the glass. Though at this point, it has to be taken into account, that, depending on pH, different aqueous species are predominant. This is why a species distribution is linked with G f (aq) of the individual species to achieve an overall pH dependent property for every oxide system. To achieve the necessary species distribution free reaction enthalpies, ∆Gr, on the basis of reaction equations, are determined for all species. Standards Gibbs free energies of reactants are subtracted from those of products. Equation 2 gives the general form and lists the possible components of such an equilibrium. Note that water and hydrogen ions can be either reactants or products.
oxide ± water ± hydrogen + ions from solution (2) or glass ∆Gr − − → aqueous species For each individual aqueous species, the equilibrium constant, Kp, is calculated using Equation 3 and falling back on the reaction equation and reaction enthalpies.
Using the definition of the equilibrium constant, Equation 4, the pH dependent activity of each species is calculated and further, considering all aqueous species for an oxide, a pH dependent species distribution is derived. It is assumed that concentrations are corresponding to activities and the concentration of hydrogen ions can be expressed in terms of pH as log[H + ] = −pH.
Independent of the aqueous system, the multicomponent glass is expressed as a composition of stoichiometric binary and ternary phases (j) [2] , see Equation 5 . The presentation of a multicomponent glass composition in terms of constitutional compounds taken from the phase diagram does not imply any idea of "nanocrystallinity". Rather it is based on the fact that the glassy state of a onecomponent glass differs from its isochemical crystalline oxide by a small enthalpy and entropy difference only. This fact is exploited in the description of the multicomponent system too, thus it allows to accurately assess the thermodynamic quantities of a multicomponent glass, e.g. in terms of its overall Gibbs energy of formation the elements G f (glass). The multicomponent crystalline material is referred to as the crystalline reference system (crs).
Finally, relating the pH dependent characteristic of G f (aq) with the constant level G f (glass) results in the pH dependent Gibbs energy of hydration as the difference in Gibbs energy of the glassy material and its aqueous system, see Equation 6 .
The relevant levels of Gibbs energy and their relations are schematically compiled in Figure 1 . is the Gibbs energy of the formation from the elements of the crystalline reference system, G vit is a small energy difference between glass and and crystall, G f (aq) is the Gibbs energy of formation of the aqueous system, ∆G hydr is the difference between the glass and the aqueous system.
Results and Discussion

Gibbs energy of the aqueous system and ∆G hydr of oxides
The pH dependent characteristics for the aqueous system are to a certain part already reflected in ∆G hydr of the pure Ternary phase diagram of the system Na 2 O-CaO-SiO 2 with compositional ranges regarding bioactivity according to Hench [18] and coexisting stoichiometric compounds. oxides. Figure 3 shows ∆G hydr for all relevant oxides in water (solid lines) as well as in SBF (dotted lines). As negative energies are plotted, a higher value means better dissolution and more negative values indicate higher stability. From Figure 3 it can be seen that the network former SiO 2 is a much more stable oxide than P 2 O 5 . SiO 2 shows a step towards better dissolution at alkaline conditions. A shift of this step towards lower pH values in SBF is due to sodium ions in the solution and the formation of NaHSiO 3 as an aqueous species. It follows further from Figure 3 that alkali oxides are significantly less stable than alkaline earth oxides. Also for the same group in the periodic table there is a stability decrease from top to bottom, meaning smaller cations lead to a more stable level in Gibbs energy. The carbonate species present in SBF have a stabilizing effect on alkaline earth oxides at basic conditions. This thermodynamic point of view on the stability of individual oxides in aqueous solutions is supportive for a well-considered substitution of oxides in order to develop new glass compositions with tailored material properties.
For P 2 O 5 , special attention is given to the hydroxyapatite species (HA) which can be assumed either as aqueous species (aq) or a solid precipitate (s). In the activity plot in Figure 4 the grey area represents the activity range of aqueous species of the P 2 O 5 system, HA species are plotted individually as lines. The species with the highest activity is the predominant one, see Table 3 for a complete list of species. If hydroxyapatite is considered an aqueous species (which occurs beyond a certain concentration threshold), it is the predominant species for the entire pH range. However a solid precipitate of hydroxyapatite becomes stable at pH of 7.4 and higher. The condition of pH 7.4 is also the level of the human blood and SBF accordingly. The species distribution for the case of HA(s) in SBF reveals the intersections of the activities of different species in more detail, see Figure 5 . These are assumptions for the dissolution of P 2 O 5 in SBF where calcium ions are already present. In water, however, solid hydroxyapatite becomes the relevant species at slightly more alkaline conditions. This is a simple qualitative consideration, for the formation of hydroxyapatite from P 2 O 5 in aqueous solution with Ca 2+ ions present. It is independent of any P 2 O 5 amount in the glass compositions. The effect of leaching cations from the glass into the solution is considered a pH dependent parameter, but only at very high alkali conditions this becomes relevant. For a more neutral environment, e.g. body medium, the initial concentration of ions in the solution is decisive.
Gibbs energy of the glass
The position of the glass 45S5 belongs to the constitutional range C 3 P, NC 2 S 3 , N 2 CS 3 and NS 2 ; glass 13-93 belongs to the constitutional range C 3 P, MS, CS, NC 2 S 3 , NC 3 S 6 and KS 2 , see Table 1 for exact compositions. Here, we use the oxide short-hand notation S=SiO 2 , C=CaO, N=Na 2 O, M=MgO, K=K 2 O, P=P 2 O 5 . The description of glass 45S5 uses sodium disilicate (NS 2 ) as a compound, whereas the crystalline reference system of glass 13-93 contains wollastonite (CS) instead. This comes to notice also in Figure 2 , which shows the projection of the compositions of glasses 45S5 and 13-93 to the ternary Na 2 O -CaO -SiO 2 diagram superimposed with compositional ranges relevant for bioactivity. The empirical findings from Hench [5, 18] are partially reflected by the position of stoichiometric compounds and coexisting phases. The region marking very low reactivity (3) corresponds to the two coexisting systems of S-CS-NC 3 S 6 and S-NS 2 -NC 3 S 6 ·NS 2 -N 2 S 2 -N 2 CS 3 is in accordance with compositions yielding very high reactivity (4). The coexistance of C 3 S and N 2 S 2 overlaps with the line separating bone bonding compositions (2) from a non-glass forming region (5) in the phase diagram. Bioactive behavior and especially soft tissue bonding flocks around the ternary phases N 2 CS 3 and NC 2 S 3 . This leads to the conclusion that a material property of a multicomponent material might as well be described adequately using such equilibrium phases.
The Gibbs energy level of glass 13-93 is slightly more negative than that of 45S5 indicating a more stable material in the glassy state. G f (glass) and G f (cryt) for both bioactive glass compositions are compiled in Table 2 .
∆G hydr of glasses and crystalline materials
As explained before, aqueous carbonate species are considered for alkaline earth oxides in SBF. The amount of alkaline earth oxides in bioactive glasses is quite high and therefore the effect of the carbonate species at high pH levels is also reflected in their ∆G hydr characteristics. As expected form various experimental work [6, 12, 13 ] the 45S5 composition has a more negative Gibbs energy of hydration than glass 13-93 and therefore is the less stable glass, see Figure 6 . ∆G hydr for a standard mass glass composition in the system Na 2 O-CaO-SiO 2 and pure silica glass are also calculated, so that they can be compared with bioactive glasses. Of the four glass compositions, silica glass has by far the most negative Gibbs energy of hydration, meaning highest chemical durability, followed by the mass glass composition, which is still more durable than glass 13-93. It can be seen from Figure 6 , that a higher amount of SiO 2 causes a decrease in hydrolytic stability at alkaline conditions.
In a recent round robin test [12] , the time until the formation of an apatite phase for granules of the two glass compositions in SBF was approved using a standard testing method. Time frames of 72 and 336 hours for 45S5 and 13-93 respectively can be set in relation with a difference Table 2 . Jantzen [8] showed, that the logarithm of dissolution rates linearly depends on ∆G hydr . This is applied, tying the calculations for ∆G hydr with the data available from Macon [12] . When taking the decadic logarithm log r, the slope found amounts to approximately 2, see Equation 7 . The factor can be explained in terms of transition state theory, which is, however, beyond the scope of this paper.
As the vitrification energy G vit is positive, the Gibbs energy of a glass is always less negative than that of its crystalline reference material. Figure 7 as well as the listed values at pH 7.4 in Table 2 show that the glassy material is less stable than the according crystalline reference material. For the chemically identical material, the characteristic pH dependent course is the same, but G vit causes a shifts of the overall level. The significance in the structural state of the material becomes clear as it could be shown that the order of magnitude is in the same range as for possible compositional differences for glasses with bioactive properties. The mentioned round robin test revealed a time difference of 11 days for the different glass compositions 45S5 and 13-93 for the formation of a hydroxyapatite layer. Therefore a similar delay could be expected for a crystallized material compared to the chemically identical glass, applying the same link between ∆G hydr and logarithmic dissolution rates as for the comparison of glass compositions, see Equation 8 . 
Conclusion
It is possible to complement existing experimental work by applying a thermodynamic approach to the hydrolytic stability of bioactive glasses. Results are shown for the two standard compositions 45S5 and 13-93. The view on hydroxyapatite formation as aqueous species from P 2 O 5 with Ca 2+ ions present reveals a critical intersection of activities at pH 7.4 where a solid precipitate of HA becomes predominant. This is in in good accordance with the understanding of bioactive behavior and experimental experience. The impact on the structural state of a material on dissolution is shown, as multicomponent oxide materials in the glassy state and as crystalline reference materials are compared, giving a judgeline on how crystallization may negatively influence the rate of interaction. The effect of the structural state of a material is in the same range as the impact of glass composition on hydrolytic stability with a difference in Gibbs energy of approximately 0.35 kJ g −1 .
